INTRODUCTION
For more than a decade now molecular dynamics (MD) have been used to simulate reactions of gaseous species at solid surfaces. While these studies are not always quantitative, they can often lead to insights as to the behavior of these systems. The most compelling example to date perhaps is the etching of silicon by fluorine '. In this spirit we examine the reactivity of carbon atoms, dimers and trimers on diamond (1 11) at 1200 K. Each of these species has been observed spectroscopically in various atmospheres designed for diamond growth. The monatomic and triatomic species are mostly associated with flames and arc jets,2-4 whereas C2 is thought to be prevalent in the microwave decomposition of buckministerfullerenes.5
The types of insights that we gain are: (1) Suggestions for new reactions, (2) Establish focus for more sophisticated investigations and (3) Estimates of rates when no others are available.
The ultimate goal for these types of investigates would be improved processes and improved process models where large-length or long-time scale phenomena are based on small-length or short-time scale submodels.
While the MD calculation itself is a deterministic one, the initial conditions for both the surface and the incoming gas molecule are sampled randomly. True to random sampling methods, we very quickly get a rough idea of the likelihood of major events. However, thoroughly quantifying any of these systems could cost a grad student his academic life.
COMPUTATIONAL BACKGROUND
MD simulations require that a choice be made as to how atoms interact in any given configuration. For hydrocarbons, an effective choice is the Brenner potential and specifically, for the specialists, potential 111 with torsional terms active.6 The Brenner potential is relatively unique in its ability to recognize different hybridization environments which is essential for these carbonaceous of systems.
hydrogen atoms. The (1 1 1) surface is exposed to the various gas species after several annealing steps.
Next a system of 160 carbon atoms in a diamond lattice is terminated with 16
To start a trajectory I use the following sequence of steps:
1. Anneal the pristine (1 11) surface 2. Choose a random position for the center of mass of the incoming gas atom or molecule 3. Choose a random set of velocities for the incoming species. 4 . If the impinging species is a molecule, run 10 annealing steps to randomize the rotational and vibrational degrees of freedom 5. Run the full system trajectory Typically for a system of 4x4 lattice constants the duration of the trajectory is far shorter than the interval between collisions. It is neither computationally feasible nor physically insightful to follow this intervening time.
Step 1 has a second purpose, that being to substitute for the time interval between collisions. During that step, the system becomes randomized into a statistically independent state. This is akin to a numerical form of annealing.
RESULTS
We consider the results of each of the three species of interest, carbon monomers, dimers and trimers. They are only considered separately, never in combination, although they often appear that way in many practical systems. Our purpose here is to look at the reactivities of these three species exclusive of other complications.
As reported previously,' atomic carbon will not add to a pristine diamond ( 1 11) add with probability 0.15. If the radical sites are produced by atomic hydrogen, the probability for a reactive site being available is approximately 0.08. Taking the product of these two probabilities gives the overall reaction probability of approximately 0.01 2.
Once a carbon atom has added, presumably it quickly becomes saturated with hydrogen from incoming atomic and/or molecular hydrogen. How additional atomic carbon reacts with such surface species is unknown at this time. We restrict our attention here to elementary events.
As a sanity check, we estimate a growth rate for an atmospheric pressure thermal plasma. As estimated by Yu and coworkers10 there is dependence of both carbon atom fraction, xc, and growth rate on boundary layer thickness, 6, as tracked in Table 1 . The contribution to growth rate due to atomic carbon, rG,c, is separated from the total, rG,total- First note that the growth rate from Reference 10 are for the (1 00) surface.
Nevertheless, using the hydrodynamically predicted values for xc and the MD predicted values of site specific reactivity, the MD predicted rates, rMD, qualitatively track the reactive hydrodynamic prediction, rG,C. Second note that the growth rates for (1 00) and (1 11) are typically with a factor of two or three of each other. Finally, Harris estimates probable errors in the hydrodynamically predicted rates of about a factor of one hundred.lo911 In light of these comments, the relative success of the MD prediction is quite encouraging.
Much of the motivation for studying the reactivity of C2 comes from the work of Gruen and coworkers. 5 The assertion from that work is that it may be possible to synthesize diamond films from C2 precursors without adding large amounts of hydrogen to the reactive gas stream. The results of these simulations fully support this notion.
Unlike the carbon atom, the dimer needs no encouragement whatsoever to react on the diamond surface. Around 78 % of the trajectories (based on 14 trajectories) result in some reactive event. However these fall into not one but at least four channels, as illustrated in Figures 2-4 below. The most prevalent channel is the insertion reaction which occurs with probability 0.33.
In
Here it is important to realize that the carbon trimer is linear. There is no ring opening energy release and the species must bend to achieve a tetrahedral configuration necessary for diamond and not graphitic growth.
So far only one reactive event (out of 4 trajectories) is observed for the trimer, a physisorbed looking arrangement. In fact the trimer seems to settle along a trough between two rows hydrogen atoms in the (1 00) direction. The adsorption occurs with probability 0.25. The surface atoms appear essentially unperturbed which is the basis for calling this a physisorbed state.
the trimer is thermodynamically more stable than the dimer.
The rest of the trajectories are nonreactive. Perhaps this is not surprising given that
SUMMARY
Spectroscopic investigations of various atmospheres appearing in diamond film synthesis suggest evidence for carbon atoms, dimers or trimers. Molecular dynamics simulations with the Brenner hydrocarbon potential are being used to investigate the elementary reactions of these species on a hydrogen-terminated diamond (1 11) surface .
As reported previously, the addition of carbon atoms to the surface requires the presence of a radical site such as that formed by hydrogen abstraction with atomic hydrogen. At about 1200 K, the reaction probability (i.e. reactive sticking coefficient) on a (1 1 1) face is about 0.01 2. Using hydrodynamically predicted values of near-surface carbon atom fractions for different operating conditions of an atmospheric pressure thermal plasmalo in conjunction with this value of the site-specific reactive, reasonable agreement with other predictions is obtained.
Carbon trimers stick with approximately probability 0.25. The sticking arrange may be along a major crystallographic axis. No other surface atoms show significant displacement suggesting possibly some physisorbed state.
Carbon dimers on the other hand undergo a bewildering set of reactions. Nonreactive events only occur around 22 % of the time. The most prevalent reactive evident is substitution of a surface hydrogen by the dimer. The displaced hydrogen can either be ejected or can become attached to the newly deposited dimer. In total, these simulations fully support the notion that carbon films, perhaps even diamond itself, may be deposited with C2 species, but without additional hydrogen.
For C2 it is very compelling to wonder if even in small amounts314 it may be having a large influence on diamond growth. One can equally imagine controlling nucleation density by controlling the near-surface concentration of C2 during the synthesis. Perhaps the most important aspect of this work is that, with some of the key reaction channels identified by MD simulations, more quantitative methods such as high-level configuration interaction calculations or the most sophisticated density functional calculations, for evaluating the kinetics of this system. The type of model that one would want to use for this purpose is probably a transition state theory approach.
